study question: Are prospectively assessed dietary factors, including overall diet quality, macronutrients and micronutrients, associated with luteal phase deficiency (LPD) in healthy reproductive aged women with regular menstrual cycles? summary answer: Mediterranean Diet Score (MDS), fiber and isoflavone intake were positively associated with LPD while selenium was negatively associated with LPD after adjusting for age, percentage body fat and total energy intake.
limitations, reasons for caution: The number of LPD cycles was limited, and thus these findings are exploratory. We relied on
Introduction
Luteal phase deficiency (LPD) refers to inadequate progesterone secretion by the corpus luteum, which may render the endometrium less receptive to implantation and result in infertility or early pregnancy loss (Arredondo and Noble, 2006; Sonntag and Ludwig, 2012 ; Practice Committee of the American Society for Reproductive Medicine, 2015) . The prevalence of LPD ranges from 4 to 9% in healthy women of reproductive age (Lenton et al., 1984; Smith et al., 1985; Schliep et al., 2014) . Previous analysis has shown an association between lower mean estradiol, LH and FSH concentrations in LPD cycles compared with normal cycles (Schliep et al., 2014) . The potential for an adverse impact on reproductive outcomes warrants further investigation into factors that may be associated with LPD so that preventive strategies via diet or lifestyle modifications or minimally invasive treatments might be implemented.
Several studies indicate that low energy availability, either through high dietary restraint alone (Schweiger et al., 1987; Schweiger et al., 1992) or in conjunction with high energy expenditure via exercise (Williams et al., 2001 (Williams et al., , 2015 De Souza et al., 2007) , increases the risk of LPD, while limited research indicates a link between antioxidant supplementation and decreased risk of LPD and subsequent increase in clinical pregnancy rates (Henmi et al., 2003) . The Mediterranean diet has been associated with several important health outcomes including reduced risk of cardiovascular disease and diabetes (Rees et al., 2013; Koloverou et al., 2014) ; however, little is known about the relationship between the Mediterranean diet and reproductive outcomes. Previous studies have also shown that diets high in fiber and/or low in fat are associated with decreased progesterone concentrations (Boyd et al., 1997; Barr, 1999; Dorgan et al., 2003) ; however, no previous studies have attempted to clarify whether overall diet quality or specific macro-or micronutrients are associated with LPD using standard diagnostic criteria over more than one cycle. Additionally, previous studies directly assessing dietary factors and LPD are restricted to clinical populations with known infertility, which limits generalizability (Henmi et al., 2003) . Therefore, the purpose of this study was to prospectively investigate the association between dietary factors, including overall diet quality, macronutrients and micronutrients, and LPD in a population-based cohort of healthy women using gold-standard methods for both exposure and outcome assessments while accounting for important well-measured confounding factors.
Methods

Study population
The BioCycle Study was a prospective cohort study of menstrual cycle, diet and lifestyle characteristics of 259 healthy eumenorrheic women of reproductive age who were followed for one (n ¼ 9) or two (n ¼ 250) menstrual cycles . Study participants were recruited from premenopausal female volunteers aged 18 -44 years in New York, USA, who had a self-reported cycle length between 21 and 35 days for the past 6 months, no use of oral contraceptives or oral hormonal therapy during the past 3 months, no use of parenteral hormonal contraceptives or intrauterine devices in the past 1 year, no pregnancy within the past 6 months and expressed willingness to adhere to study protocol for clinic visits and study questionnaires. Volunteers who had a chronic illness (e.g. diabetes mellitus, liver or kidney disease), had ever sought infertility treatment, had a previous diagnosis of endometriosis, polycystic ovary disease or uterine fibroids, had gynecologic surgery in the past 12 months, had an untreated gynecologic infection in the past 6 months or who planned to conceive within 3 months were excluded. Participants were also excluded if they planned to restrict their diet to lose weight in the next 3 months, were unwilling to stop regular intake of vitamin and/or mineral supplements during cycle visit months, had a history of intestinal malabsorption (e.g. Crohn's disease) or consumed a diet high in soy products.
Ethical approval
The University at Buffalo Health Sciences Institutional Review Board (IRB) approved the study and served as the IRB designated by the National Institutes of Health under a reliance agreement. All participants gave written informed consent.
Enrollment visit
At the enrollment visit, anthropometrics (including height and weight) were measured and participants completed questionnaires about age, race, marital status, education level, annual household income, age at menarche, parity, prescription hormone use and sexual activity (defined as vaginal intercourse). Participants were instructed in the use of the fertility monitor (Clearblue w Easy Fertility Monitor; Inverness Medical, Waltham, MA, USA), which was used as a validated tool to estimate ovulation (Behre et al., 2000) and coordinate clinic visits with menstrual cycle events . The monitor assessed urinary estrone-3-glucuronide (E3G) and LH starting on menstrual cycle day 6 and daily thereafter for 10 -20 days, depending on the timing of the LH surge. Participants were given a daily diary and instructions to bring the diary to all subsequent clinic visits and to record bleeding dates, vigorous exercise (minutes/day), smoking habits (cigarettes/day), Dietary factors and luteal phase deficiency perceived stress (not stressful [1], a little stressful [2], very stressful [3]), sleep (hours/minutes, including nap time) and fertility monitor results (low, high or peak fertility indication). Vigorous exercise was defined as activities performed for at least 10 consecutive minutes which participants felt required hard physical effort and resulted in increased work of breathing.
Subsequent clinic visits
Clinic visits were scheduled between 7:30 and 8:00 a.m. to minimize diurnal variability in hormone measurements and corresponded to the following phases of the menstrual cycle: menses, mid-follicular, late follicular, LH surge, expected ovulation and early, mid-and late luteal phases. Initial visits were scheduled using an algorithm that adjusted for self-reported cycle length; mid-cycle visit schedules were adjusting using the fertility monitor results. The peak fertility day as indicated by the monitor was used for the late follicular phase visit and the following 2 days for the LH surge and ovulation visits. At each visit, fasting blood samples were taken (with serum stored at 2808C within 90 min of collection), daily diaries were reviewed, and fertility monitor data were downloaded. At the end of the follow-up period, body composition was determined with dual energy x-ray absorptiometry scans (software version 12.4.1; Hologic Discovery Elite, Waltham, MA, USA) and total percentage body fat was derived.
Hormone measurements
Serum progesterone and LH concentrations were measured by solid-phase chemiluminescent enzymatic immunoassay on the DPC IMMULITE w 2000 analyzer (Siemens Medical Solutions Diagnostics, Deerfield, IL, USA) at Kaleida Health Laboratories, Buffalo, NY, USA. Reported coefficients of variation were ,5% for LH and ,14% for progesterone.
Dietary assessment
Participants completed a 24-h dietary recall (24HDR) during the clinic visits corresponding to menstruation, the mid-follicular phase, estimated day of ovulation and the mid-luteal phase for a total of up to eight 24HDRs over two cycles. Previous studies have confirmed the use of 24HDR as a valid measurement of dietary exposures (Patterson et al., 1999; Schatzkin et al., 2003; Subar et al., 2003) . Food and beverage intakes (including caffeinated beverages and alcohol) were collected and nutrient data were analyzed by using the Nutrition Data System for Research (NDSR; version 2005; Nutrition Coordinating Center, University of Minnesota) (Schakel et al., 1988) . Trained dietary interviewers, using open-ended questions and visual amount-estimation tools, captured food and beverage quantities consumed. The NDSR takes into account food and beverage type, brand (when necessary) and serving size in calculating nutrient information. Mediterranean Diet Score (MDS) (Gaskins et al., 2010) , food and beverage components and macronutrients/micronutrients were calculated for each dietary assessment.
LPD assessment
Cycles were included in this analysis if cycle length was not missing and if the cycles were ovulatory, which we defined as any cycle with progesterone .1 ng/ml that was preceded by a urine LH surge detected by the home fertility monitor and/or a serum LH surge. We selected the cutoff of 1 ng/ml based on experimental models of LPD that indicate that the minimum progesterone concentration required to sustain endometrial maturation may be lower than previously thought (Usadi et al., 2008; Fritz and Speroff, 2011) . Prior validation research comparing the Clearblue w Easy Fertility Monitor with transvaginal ultrasonography has shown that, in most cycles, ovulation occurs on the day after the peak day as indicated by the monitor (Behre et al., 2000) . Consequently, the day of ovulation was assigned using the day of the urine LH surge from the fertility monitor, or the day of the serum LH maximum value when fertility monitor data were not available, plus 1 day. The luteal phase was defined as beginning on the day after ovulation and ending on the day prior to the start of the next menses. LPD was defined as luteal phase duration ,10 days, as this definition provides reasonable overlap with definitions that include measurements of peak luteal progesterone ≤10 ng/ml and is clinically easier to measure (Jones, 2008; Sonntag and Ludwig, 2012; Schliep et al., 2014) . Nevertheless, we also included a sensitivity analysis using a combined definition of LPD: luteal length ,10 days and peak luteal progesterone ≤10 ng/ml (Jordan et al., 1994; Malcolm and Cumming, 2003) .
Statistical analysis
Participant demographic and lifestyle characteristics, averaged over the study, were compared by LPD status (zero, one or two LPD cycles) with Student's t-test or Wilcoxon-Mann-Whitney test and x 2 or Fisher's exact tests used to evaluate differences. Associations between cycle-average dietary factors and LPD were examined using generalized linear models (taking into account multiple cycles from the same woman) while adjusting for age, percentage body fat and total energy intake. Reported P-values are differences in mean levels between LPD cycles versus normal cycles, with non-normally distributed dietary factors log transformed prior to statistical analysis. Variables that showed marginally significant associations (P , 0.15) in the bivariate analysis were selected for inclusion in one of three multivariable models: the first examining overall diet quality; the second, macronutrients and the third, micronutrients. All models were adjusted for age, percentage body fat and total energy intake. We examined the possibility of a nonlinear relationship or threshold effect between dietary factors and LPD in two ways: (i) non-parametrically with restricted cubic splines, adjusting for age, percentage body fat and total energy intake (Durrleman and Simon, 1989) ; and (ii) generating quartiles and calculating P values for trend by taking the median value of the quartiles and analyzing as a continuous variable via the adjusted generalized linear models. Finally, sensitivity analyses were conducted to evaluate the robustness of our findings by (i) adjusting for additional potential confounding factors including race, education, previous hormonal contraceptive use, smoking, vigorous exercise, sleep and perceived stress; and (ii) using a more stringent definition of LPD as previously described (luteal duration ,10 days and peak luteal progesterone ≤10 ng/ml) (Schliep et al., 2014) . Analyses were completed in Stata /IC 12.1 (StataCorp, College Station, TX, USA) and SAS, Version 9.4 (SAS Institute, Cary, NC, USA). A P , 0.05 was considered statistically significant.
Results
Among the 476 cycles with menstrual cycle length information from the 259 study participants, there were 13 cycles (2.7%) from 13 women (5.0%) considered anovulatory, based on luteal progesterone measurements ,1 ng/ml. These were excluded from our analyses, leaving 246 women contributing 463 cycles. Compliance with study protocol was excellent, with 94% of women completing at least seven visits per cycle, 100% of women completing at least five visits per cycle and 84% of women having complete fertility monitor data for two cycles. All of the covariates assessed had at least a 95% response rate. The average age of study participants was 27.6 years (SD, 8.2 years; range, 18-44 years). Sixty percent of participants self-identified as white, 20% as black, 13% as Asian and 7% as other race. Most participants were unmarried (74%) and had completed high school (88%). Age, sexual activity and hormonal contraceptive use prior to study entry were inversely associated with LPD while vigorous exercise was positively associated with LPD (all P , 0.05, Of the 463 cycles, 41 (8.9%) met criteria for LPD (Table II) . Higher MDS was observed for LPD cycles compared with normal cycles (3.5 versus 2.8, P ¼ 0.01, Table II) after adjusting for age, percentage body fat and total energy intake. Higher intakes of vegetable protein (24.5 versus 21.2 g, P ¼ 0.03) and fiber (16.7 versus 13.2 g, P ¼ 0.001) were also observed in LPD cycles after adjustment, as were higher servings of fruits and vegetables, and higher isoflavone and vitamin B6 intake in LPD cycles as well (P ¼ 0.05 for all, Table II ). Higher iron intake was marginally associated with LPD (P ¼ 0.07, Table II ). Vitamin and antioxidant intake, except in the case of selenium, tended to be higher in LPD cycles than during normal cycles after adjustment, although these differences did not reach statistical significance. In contrast, selenium consumption was higher in normal cycles than in LPD cycles (89. Generalized linear models (taking into account multiple cycles from the same woman) were used to assess association between each variable and LPD while adjusting for age at screening interview, percentage body fat and total energy intake. Dietary characteristics were calculated from 24-h dietary recall corresponding to menses, mid-follicular, expected ovulation and mid-luteal phase visits and then averaged over the cycle. All P-values are differences in mean values. Dietary factors that were not normally distributed were log transformed prior to statistical analysis for differences.
and lifestyle factors including race, education, previous hormonal contraceptive use, smoking, vigorous exercise, sleep and perceived stress did not appreciably alter the estimates. Using restricted cubic spline regression, there was no evidence of significant nonlinearity between dietary factors and LPD. The adjusted trend analyses for significant diet quality and macronutrients revealed an apparent positive linear relationship for MDS (P ¼ 0.002), fiber (P ¼ 0.03) and isoflavone (P ¼ 0.06) quartiles and LPD (Fig. 1) . Selenium showed an inverse relationship with LPD (Fig. 2) ; however, a significant inverse association with LPD was only seen at intakes .110 mcg.
In the diet quality, macronutrient, and micronutrient multivariate models (including dietary factors marginally significant [P , 0.15]), for every unit increase in MDS dietary score there was a 1.70 (95% confidence interval [CI], 1.17 -2.48) increased odds of LPD after adjusting for age, percentage body fat and total energy intake (Table III) . In the macronutrient model that included age, percentage body fat, total energy intake, vegetable protein, added sugars, fiber (all continuous) and fruit and vegetable intake (five or more daily compared with less than five), fiber (per g) had a marginally significant association with LPD (adjusted odds ratio (aOR): 1.10, 95% CI: 0.99 -1.23). In the micronutrient model, selenium (per 10 mcg) retained a significant inverse association with LPD (aOR: 0.80; 95% CI: 0.65-0.97), while increased isoflavone intake (per mg) was modestly associated with LPD (aOR: 1.38; 95% CI: 0.99 -1.92). Similar associations were observed for cycles with luteal duration ,10 days and peak luteal progesterone ≤10 ng/ml (n ¼ 38/463 [8.2%] cycles; aOR for MDS: 1.66; 95% CI: 1.13 -2.44; aOR for fiber (per g), 1.10; 95% CI: 0.99-1.23; aOR for selenium (per mcg), 0.79; 95% CI: 0.64 -0.97) (Table IV) .
Discussion
In this prospective study of healthy women with no reported menstrual problems, we found that dietary characteristics were associated with LPD, with the Mediterranean diet, vegetable protein, fiber and isoflavone intake associated with increased LPD and selenium associated with decreased LPD after adjusting for age, percentage body fat and total energy intake. The effects of MDS, isoflavones and selenium persisted after adjusting for other dietary factors in the multivariable models, while fiber retained a modest association. Since LPD may contribute to infertility and early pregnancy loss (Li et al., 2000; Potdar and Konje, 2005) , these associations warrant further study to better define the relationship between dietary factors and LPD and to determine if altering dietary habits can decrease the occurrence of LPD and improve fertility and pregnancy outcomes.
Global measures of diet quality, such as the MDS, are associated with decreased risk of important health outcomes such as cardiovascular disease (Knoops et al., 2004; Rees et al., 2013) ; however, the influence of such dietary patterns on the menstrual cycle and reproductive physiology is not clear. Studies have found that Mediterranean dietary patterns improve libido in women with the metabolic syndrome, possibly due to changes in endothelial function and decreased inflammation (Esposito et al., 2007) . Our study found an association between higher MDS and higher odds of luteal phase dysfunction after adjusting for age, body fat and total energy intake. This contrasts with the previously described protective effects on cardiovascular and libido (Esposito et al., 2007; Rees et al., 2013) .
While it is difficult to determine which component of the MDS (alone or in combination) drives the association with LPD, this effect may be related Dietary factors and luteal phase deficiency to the high levels of dietary fiber inherent in the Mediterranean diet, which relies on high intake of vegetable protein and whole grains. We have previously demonstrated an association between higher dietary fiber intake, lower reproductive hormone concentrations and increased risk of sporadic anovulation in the BioCycle Study (Gaskins et al., 2009 ). These findings reflect the complex relationship between diet, gut microorganisms and enterohepatic circulation of reproductive hormones. Dietary fiber has many effects on enteral micro-organisms including altering the carbohydrate substrates available to bacteria, thereby altering species composition and population size, and altering the pH of the Variables were included in the generalized linear multivariable model if prior research demonstrated an association with luteal phase duration ,10 days (e.g. age and body fat) or the bivariate association in this study was marginally significant (P , 0.15). OR: odds ratio, CI: confidence interval. colonic environment by favoring fermentation (Flint, 2012) . Prior research has demonstrated decreased levels of b-glucuronidase activity in vegetarians with high fiber intake (Goldin et al., 1982) , which may decrease the deconjugation and reabsorption of reproductive hormones in the colon (Flores et al., 2012) and thereby decrease serum levels of progesterone and increase the risk of LPD. These findings are consistent with an important relationship between fiber, gut micro-organisms and reproductive physiology.
Although other global measurements of diet composition such as the 'fertility diet' (high in monounsaturated fats, vegetable protein, iron, high-fat dairy and multivitamins while low in trans fats, animal protein and low-fat dairy) have been associated with decreased risk of ovulatory infertility (Chavarro et al., 2007) , we did not find significant associations with LPD and total or type of dairy or total or type of fat. We did find trends towards associations between increased iron and vegetable protein consumption and LPD after adjusting for age, body fat and total energy intake. This may indicate that ovulatory infertility and LPD have different underlying pathophysiologic mechanisms or that the effect of the combination of these dietary components is different than the effect of each component individually.
The finding that dietary selenium was significantly associated with lower odds of LPD is intriguing. In the clinical LPD micronutrient model, a 10 mg increase in average daily selenium consumption decreased the odds of LPD by 20% (aOR: 0.80; 95% CI: 0.65 -0.97), with a consumption of twice the daily recommended amount (110 mcg) resulting in a 77% reduction (aOR: 0.23; 95% CI: 0.08, 0.66). Prior research has shown associations between selenium deficiency and male-factor infertility (Hawkes and Turek, 2001; Safarinejad and Safarinejad, 2009), pre-eclampsia (Rayman et al., 2003; Ghaemi et al., 2013) and preterm labor (Rayman et al., 2011) . Two small studies have investigated the association between serum selenium and luteal progesterone concentrations, one among 44 adolescents (mean age, 14.5 + 0.5 years) (Zagrodzki et al., 2007) and the other among 36 young women (mean age, 23.5 + 0.6) (Zagrodzki and Ratajczak, 2008) , with only the adolescent study revealing a significant positive correlation. Our study represents the first report of an association between selenium with progesterone levels and menstrual cycle dysfunction in a relatively large population of healthy young women. This highlights the importance of oxidative stress on female reproductive physiology and may inform future clinical trials examining whether increased dietary selenium can improve menstrual cycle function, fertility and reproductive outcomes (Agarwal et al., 2012; Showell et al., 2013) .
The apparently protective effect of increasing age in the multivariable models (Table III) should be interpreted with caution given the young population in our study. As menstrual cycle disturbances occur with increased frequency at the extremes of reproductive life, the exclusion of perimenopausal women may belie the increased frequency of LPD that would be expected in this age group (World Health Organization Task Force on Adolescent Reproductive Health, 1986; MacNaughton et al., 1992) . Given previous research demonstrating a relationship between age and menstrual cycle disturbances (MacNaughton et al., 1992) , we adjusted our findings with respect to dietary factors and LPD to account for age.
Our study's strengths include its prospective nature and the assessment of many different dietary and lifestyle variables as well as hormonal parameters via repeated measures timed to specific phases of the menstrual cycle. Study limitations include a relatively small number of outcomes compared with the number of parameters in the final multivariable model, which may result in overfitting, and multiple comparisons, which may increase the probability of a type I error beyond 0.05. We relied on participant self-report of their medical history to apply exclusion criteria; it is possible that we admitted to the study women with a gynecologic or medical disease who were unaware of their diagnosis. The number of LPD cycles also limited the number of factors for which we could adjust, which may lead to residual confounding. Although studies have shown that a fertility monitor is reasonably Variables were included in the generalized linear multivariable model if prior research demonstrated an association with luteal phase duration ,10 days (e.g. age and body fat) or the bivariate association in this study was marginally significant (P , 0.15).
accurate at identifying the ovulation date (Behre et al., 2000) , the calculation of luteal phase length based on an ovulation date established by a fertility monitor and/or serum LH surge may result in misclassification. In regards to exposure assessment, we were limited in our assessment of the effects of micronutrients, particularly at potentially toxic levels, on LPD, since women participating in the BioCycle Study had to be willing to stop regular intake of vitamin and/or mineral supplements and were excluded if they reported a high soy-based diet. Additionally, our dietary assessment relied on 24 h dietary recalls at four points during each cycle; if these recalls did not reflect dietary patterns on other days during the cycle, this could distort our results. However, multiple recalls are the gold standard for assessing dietary patterns and we found that within-woman variation of reported dietary patterns was minimal across cycles. Lastly, our study focused on the near-term effects of dietary patterns on the concurrent menstrual cycle; further longitudinal research, using gold-standard measures of assessment, is needed to examine whether habitual intake of certain foods, macronutrients and/ or micronutrients may influence menstrual cycle function.
In conclusion, in this sample of healthy women of reproductive age, Mediterranean-style diets including high amounts of fruits and vegetables, isoflavones and vegetable protein were positively associated with LPD while selenium was negatively associated with LPD after adjusting for age, body fat and total energy intake. These relationships warrant further study, particularly to determine if alterations in diet (for example, consuming less of a Mediterranean-style diet) may influence menstrual cycle function, fertility and pregnancy outcomes. Our results emphasize the complex and multifaceted effects of diet and lifestyle on female endocrinology and menstrual cycle function and highlight the need for further research into the pathophysiologic mechanism, clinical implications and treatment options for LPD.
